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ABSTRACT 
The durations that muscular force and power outputs can be sustained until failure 
fall predictably on an exponential decline between an individual’s 3-s burst 
maximum to the maximum performance they can sustain aerobically. The 
exponential time constants describing these rates of performance loss are similar 
across individuals, suggesting that a common metabolically based mechanism 
governs muscle fatigue; however, these conclusions come from studies mainly on 
men. To test whether the same physiological understanding can be applied to 
women, we compared the performance-duration relationships and neuromuscular 
activity between seven men [23.3 ± 1.9 (SD) yr] and seven women (21.7 ± 1.8 yr) 
from multiple exhaustive bouts of cycle ergometry. Each subject performed trials 
to obtain the peak 3-s power output (Pmax), the mechanical power at the aerobic 
maximum (Paer), and 11–14 constant-load bouts eliciting failure between 3 and 
300 s. Collectively, men and women performed 180 exhaustive bouts spanning an 
~6-fold range of power outputs (118–1116 W) and an ~35-fold range of trial 
durations (8–283 s). Men generated 66% greater Pmax (956 ± 109 W vs. 632 ± 74 
W) and 68% greater Paer (310 ± 47 W vs. 212 ± 15 W) than women. However, the 
metabolically based time constants describing the time course of performance loss 
were similar between men (0.020 ± 0.003/s) and women (0.021 ± 0.003/s). 
Additionally, the fatigue-induced increases in neuromuscular activity did not differ 
between the sexes when compared relative to the pedal forces at Paer. These data 
suggest that muscle fatigue during short-duration dynamic exercise has a common 
metabolically based mechanism determined by the extent that ATP is 
resynthesized by anaerobic metabolism. 
NEW & NOTEWORTHY Although men and women differed considerably in their 
absolute cycling performances, there was no sex difference in the metabolically 
based exponential time constant that described the performance-duration 
relationship. Similarly, the fatigue-induced increases in neuromuscular activity 
were not different between the sexes when compared from a metabolic 
perspective. These data suggest that men and women have similar rate-limiting 
mechanisms for short-duration dynamic exercise that are determined by the 
extent the exercise is supported by anaerobic metabolism. 
Keywords: skeletal muscle, sex differences, performance-duration relationship, 
metabolism, critical power 
When a motor task requires skeletal muscle to work at high-intensities, 
mechanical power and force outputs become impaired, and failure to sustain the 
level of performance occurs shortly after the onset of contractile 
activity.7,10,20,30,33,36,42,69 In contrast, when tasks are performed at relatively low-
intensities, muscle fatigue develops more slowly, and the performance of the task 
can be sustained for considerably longer durations. This fundamental property of 
the neuromuscular system is known as the performance-duration relationship, and 
for dynamic exercises, such as cycling, running and knee extensions, can be 
accurately defined by an exponential function with three physiologically based 
components.14,62,67,68 The first two components set the upper and lower limits of 
an individual’s performance-duration relationship and are, respectively, 1) the 
maximum force or power that can be generated for 3 s or less (Fmax and Pmax) and 
2) the upper level of force or power that can be supported primarily by aerobic 
metabolism (Faer and Paer). Any exercise bout performed between these limits 
requires a net reliance on anaerobic metabolism (i.e., glycolysis and 
dephosphorylation of phosphocreatine) and cannot be sustained. The third 
component is a metabolically based exponential time constant (k) that describes 
the performance-duration relationship for any bout of exercise between the two 
limits. Studies on both isolated limb and whole body dynamic exercises have found 
that this time constant is similar between individuals despite considerable 
differences in their absolute performances.14,62,67,68 The consistency of this finding 
across different modes of exercise and experimental conditions suggests that the 
exponential loss in muscle performance has a common metabolically based 
mechanism determined by the extent that ATP is resynthesized by anaerobic 
metabolism.14,62,67,68 However, this conclusion comes from studies conducted 
almost exclusively on men and to date has assumed that the same rate-limiting 
mechanisms determine the performance-duration relationship in women. 
There are numerous reports of sex differences in muscle fatigue [for reviews see 
Refs. 34 and 35] suggesting that the assumption of a common metabolic basis for 
the performance-duration relationship in both men and women may not be valid. 
The multiple physiological mechanisms proposed to explain the observed sex 
differences include, but are not limited to, 1) a greater proportional area of muscle 
fibers expressing the type I myosin heavy chain isoform in women,24,25,35,58,59 2) 
altered skeletal muscle metabolism resulting in less accumulation of blood lactate 
and by-products of ATP hydrolysis in women,24,25 3) differences in neural drive and 
motor control strategies between the sexes,19,47,55 and 4) decreased mechanical 
compression of the vasculature resulting in greater blood flow and perfusion of the 
working muscle in women.36,38,51 However, the evidence for sex differences in 
muscle fatigue come primarily from isometric contractions, and the findings from 
the few studies on dynamic contractions are equivocal with some reporting sex 
differences in muscle fatigue12,24,53,70 and others finding no differences.19,52,57,61 
Thus it remains unknown whether similar or different mechanisms are responsible 
for muscle fatigue during dynamic exercises in men compared with women. In 
addition, previous studies aimed at answering these questions have compared 
muscle fatigue between the sexes at a limited number of intensities without 
knowing where the exercise bouts reside on each individual’s performance-
duration curve. An important consequence of this approach is that the relative 
contribution of ATP generated from anaerobic pathways is not considered. This 
limitation is due, in large part, to inadequacies in the techniques currently 
available to accurately quantify the amount of anaerobic energy flux, especially 
during whole body dynamic exercise. To circumvent this concern, we had men and 
women perform multiple constant-load bouts of cycling exercise (i.e., 11–14 bouts 
to failure between Pmax and Paer for each individual) at a range of intensities that 
spanned across each individual’s nonsustainable performance range and that are 
known to require a net reliance on anaerobic metabolism.14,62,67,68 
For constant-load exercises sustained until failure, muscle fatigue is accompanied 
by the progressive increase in the amplitude of the surface electromyogram 
(EMG).23,46,48 This increased EMG activity is due primarily to the recruitment of 
additional motor units and a change in discharge rate of the active motor units and 
is a compensatory mechanism used by the nervous system to maintain a constant 
force output as the muscle fibers become fatigued.1,2,17,28,48,49 Recent studies on 
men have found that this fatigue-induced increase in EMG activity is associated 
with the extent an exercise bout relies on anaerobic metabolism and occurs 
irrespective of the absolute or relative amount of force generated by the 
muscle.13,62 Accordingly, the rates of increased EMG activity are more rapid when 
exercises are performed in hypoxia compared with normoxia or hyperoxia,5,44,64 
and there is a strong correlation between the changes in EMG activity and tissue 
oxygenation levels.7,63 However, it is not yet known whether these compensatory 
neuromuscular activation patterns differ between men and women during fatiguing 
dynamic exercise. 
Thus the purpose of this study was to compare the performance-duration 
relationships and the neuromuscular activation patterns between men and women 
from multiple constant-load bouts of cycling exercise to test whether a common 
underlying process is responsible for muscle fatigue in both sexes. We 
hypothesized that although men would generate greater absolute pedal forces and 
power outputs than women, the metabolically based exponential time constants 
describing the performance-duration relationship and the time course of muscle 
fatigue would be similar between the sexes. We also hypothesized that 1) the 
onset of the fatigue-induced compensatory increase in EMG activity would be 
associated with the maximum performance supported primarily by aerobic 
metabolism for each individual but would occur at a wide range of absolute and 
relative pedal forces across the sexes, and 2) the neuromuscular activation 
patterns would be similar between men and women when compared relative to the 
maximum performances that could be supported aerobically. 
MATERIALS AND METHODS 
SUBJECTS 
Seven men, 21–26 yr of age (mean ± SD; height 179.5 ± 5.6 cm; weight 
78.5 ± 11.2 kg), and seven women, 19–24 yr of age (height 167.8 ± 5.2 cm; 
weight 61.7 ± 4.6 kg), volunteered to participate in this study and provided their 
written informed consent. All 14 subjects were moderately to highly fit (Table 1); 
one female and two male subjects were actively training on the club collegiate 
triathlon team, one female subject was a former competitive collegiate triathlete, 
and the remaining 10 subjects participated regularly in resistance and/or 
endurance exercise. All testing procedures were approved by the local Institutional 
Review Board and conformed to the principles set forth by the Declaration of 
Helsinki. 
Table 1. Physiological performance characteristics for men and women 
 
Men 
 
Women 
 
Variable Mean ± SD Range Mean ± SD Range 
V̇o2max, ml O2⋅kg−1⋅min−1 54.6 ± 9.5 44.2–71.6 44.7 ± 5.6* 40.9–56.4 
Paer, W 310 ± 47 250–370 212 ± 15* 188–234 
Faer, N 223 ± 33 181–267 153 ± 11* 137–168 
Critical power, W 270 ± 57 182–342 188 ± 19* 158–211 
Pmax, W 956 ± 109 848–1116 632 ± 74* 528–757 
Fmax, N 686 ± 74 616–797 456 ± 53* 380–543 
The aerobic maximums were the greatest pedal force (Faer) and power output (Paer) that 
could be sustained for 5 min while eliciting the maximum rates of O2 uptake (V ̇o2max). 
Critical power was the average power output over the final 30 s from the all-out 3-min 
test, and the mechanical maximums were the greatest pedal force (Fmax) and power 
output (Pmax) that could be sustained for 3 s. 
*Significantly different from men (P < 0.05). 
EXPERIMENTAL PROTOCOL 
To obtain the full range of muscular force and power outputs of the performance-
duration relationship, subjects completed a minimum of four testing sessions 
separated by at least 48 h of rest as described previously.68 Briefly, during the first 
session subjects underwent a progressive, power-incremented discontinuous 
cycling test to determine the mechanical power (Paer) and pedal force (Faer) 
eliciting the individual-specific maximum rate of oxygen uptake (V̇o2max). In the 
second and third sessions, subjects performed five randomly administered 
constant-load cycling bouts per session at loads selected to elicit failure between 3 
and 300 s. Within these sessions, subjects were required to take a minimum of 15 
min of rest between trials but were allowed to take as much rest as they deemed 
necessary to be fully recovered before the commencement of a subsequent trial. 
The self-selected rest durations between trials were 19.7 ± 4.2 (SD) min for the 
men and 20.1 ± 4.5 min for the women (P = 0.58). These rest durations were 
approximately twofold greater than the 7–10 min rest durations used previously to 
recover both the mechanical work capacity60 and the intramuscular metabolites18 
to near pretrial levels following high-intensity fatiguing bouts of dynamic exercise. 
In the fourth session, subjects underwent a progressive, power-incremented 
discontinuous cycling test to determine the individual-specific peak mechanical 
power (Pmax) and pedal force (Fmax) attained in 3 s, followed by one to four 
additional bouts selected to elicit failure between 3 and 300 s to ensure a complete 
performance-duration curve was obtained. Either at the end of the fourth session 
or during a fifth session, subjects performed an all-out 3-min test at a 
predetermined torque load to estimate their critical power.65 All sessions, other 
than the first session, began with a standardized 5-min warm-up (men = 125 W; 
women = 100 W). 
MEASUREMENTS 
PEDAL FORCE AND MECHANICAL POWER OUTPUT.  
All tests were conducted on a stationary, electronically braked cycle ergometer 
(Velotron, RacerMate, Seattle, WA) equipped with an 85-tooth front sprocket to 
accommodate the wide range of mechanical power and force outputs between men 
and women. The ergometer saddle and handlebars were adjusted for comfort at 
the beginning of the first session and replicated for all subsequent testing 
sessions. Subjects were secured to the saddle with an adjustable nylon strap and 
to the pedals with toe clips or pedal straps. The nylon strap ensured subjects 
remained seated throughout the course of a trial but did not impair leg movement 
(shown in Fig. 1). Because power is a function of force and velocity, all trials, 
excluding the all-out 3-min test, were performed at a constant cadence of 80 ± 3 
rpm. This ensured that the changes in power output occurred from the differences 
in the applied pedal forces and not to the more complicated scenario of altering 
both contractile force and shortening velocity. 
 Fig. 1. Representative EMG data from the vastus lateralis of a male subject during a 
constant-load fatiguing trial that elicited failure in 216 s. The amplitude of the EMG was 
greater at the end compared with the beginning of the trial (A) and increased continuously 
throughout the bout until the point of failure (B). Trials began with 5–10 s of unloaded 
pedal revolutions to obtain a cadence of 80 rpm before the constant load was applied to 
the ergometer’s flywheel (B). The electromagnetic triggers mounted at the base of the 
pedals ensured that the amplitude of the contraction-by-contraction EMG was computed 
over the same portion of the pedal revolution. 
 
To eliminate the inertial effects of the 25 kg flywheel and maintain a constant work rate 
throughout a trial, the flywheel was accelerated to 80 rpm before the commencement of 
each trial. Trials were initiated with ~5 s of unloaded pedal revolutions before the 
constant programmed torque load (Wingate Software, RacerMate, Seattle, WA) was 
applied to the ergometer’s flywheel (Fig. 1). Continuous feedback of power output and 
cadence were displayed on a TV monitor mounted directly in front of the subject and 
recorded at a sampling frequency of 10 Hz to the ergometer PC. Average pedal forces 
applied (Favg) per revolution were calculated from the recorded power outputs in 
accordance with:  
𝐹𝐹𝑎𝑎𝑎𝑎𝑎𝑎 = 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃2𝜋𝜋𝜋𝜋𝑃𝑃  
(1) 
where f is the pedal frequency in revolutions per second and r is the length of the 
pedal crank arm (165 mm). The reported measures of pedal force and power 
throughout the manuscript are the average from all of the muscle contractions 
performed within a particular trial. 
V ̇O2, PAER, AND FAER.  
Volumes of expired gas and concentrations of O2 and CO2 were measured 
continuously throughout each trial with a computerized metabolic system 
(TrueOne 2400, Parvo Medics, Sandy, UT). Subjects wore a nose clip to prevent 
breathing through the nares, and expired gases were directed to a 4-liter mixing 
chamber via a nonrebreathing valve connected to a 3.05-m corrugated tube with a 
1.9-cm radius. This configuration resulted in ~7.5 liters of equipment dead space. 
Volumes of expired gas were measured at the inlet of the mixing chamber with a 
heated pneumotachometer (Model 3813, Hans Rudolph, Shawnee, KS), and 
aliquots of expired air were drawn continuously from the mixing chamber into the 
system’s paramagnetic O2 and infrared CO2 analyzers. The analog signals were 
digitized at 100 Hz with the system’s analog-to-digital (A/D) converter and 
configured to report pulmonary gas exchange measures in 6-s averages. 
Immediately before each testing session, the metabolic system’s analyzers were 
calibrated with ambient air, a gas mixture of known O2 (16.01%) and CO2 (4.99%) 
concentrations, and a 3-liter calibration syringe. The validity of this system to 
measure pulmonary gas exchange has been reported in detail elsewhere.6 
During the first testing session, subjects completed a power-incremented, 
discontinuous cycling test that consisted of 5-min constant work rate cycling bouts 
interspersed with at least 3 min of rest or until the subject indicated they were 
ready to resume testing. The initial power output was 150 W for men and 90 W for 
women and increased by 30 W for each subsequent trial until the subject was 
unable to sustain the work rate for the entire 5-min duration despite putting forth 
their maximal effort. During a subsequent session, subjects performed a trial at a 
power output midway between the highest power output completed for the entire 
5 min and the power output of the last trial in the first session, which the subject 
was unable to complete. This trial was performed to ensure that the reported 
values for Paer were within 15 W of the actual performances that could be 
sustained for an entire 5-min duration. Each individual’s V̇o2max was determined as 
the highest 30-s average obtained from the trial with the greatest power output 
sustained for 5 min. The average pedal force and power output achieved during 
the bout eliciting the V̇o2max were considered Faer and Paer, respectively. 
PERFORMANCE-DURATION RELATIONSHIP ABOVE PAER.  
The exponential performance-duration relationships were obtained from the 
randomly administered constant-load exhaustive cycling bouts performed at 
intensities between 100 and 400% of each individual’s Paer. These intensities were 
selected because we knew a priori that they should elicit failure between 3 and 
300 s.68 Subjects completed between 11 and 14 constant-load exhaustive cycling 
bouts dispersed over three testing sessions and were instructed to maintain a 
cadence of 80 rpm throughout each trial by using the visual feedback from the TV 
monitor. Subjects were exhorted to restore their cadence when it fell below 80 
rpm, and tests were terminated when the subject’s cadence dropped below this 
level for greater than 3 s despite putting forth their maximal effort. The trial 
duration, or time to failure, was immediately recorded and verified post hoc by the 
cadence records stored in the ergometer PC. 
PMAX AND FMAX.  
During the fourth testing session, subjects completed a discontinuous power-
incremented test to obtain Pmax and Fmax. Subjects were required to sustain the 
constant load at the imposed 80-rpm cadence for 3 s; the greatest pedal force and 
mechanical power output sustained for 3 s were considered the individual-specific 
Fmax and Pmax, respectively. 
ALL-OUT 3-MIN TEST TO ESTIMATE CRITICAL POWER.  
Because Paer provides a slight overestimate of the lower limit of the nonsustainable 
performance range,31,45 subjects also completed an all-out 3-min cycling test at 
the end of the fourth session or during an additional session to obtain a more 
precise estimate of the greatest power output that can be sustained without the 
progressive accumulation of metabolic by-products (e.g., ADP, H+, and Pi), i.e., 
critical power.41 The resistance for the all-out bout was set at a torque load 
halfway between the pedal torque at the ventilatory threshold and the V̇o2max 
(modified from Refs. 15 and 65). Because we employed a discontinuous power-
incremented test to obtain V̇o2max instead of a progressive ramp protocol, the V-
slope method to estimate the gas exchange threshold8 was not used. Two 
observations suggest the slight modification to the all-out 3-min test still provided 
an accurate estimate of critical power: 1) the power output reached a steady level 
during the last 30 s that was at a level below Paer (Fig. 2) but above the ventilatory 
threshold, and 2) the highest 30-s O2 uptake (V̇o2) from the discontinuous power-
incremented test did not differ from highest 30-s V̇o2 from the all-out 3-min test 
(see results). The all-out 3-min trial was initiated with 20 s of unloaded pedaling 
to increase the cadence to 110–120 rpm before the torque load was applied to the 
flywheel. Subjects were instructed to attain their greatest pedal cadence as quickly 
as possible from the beginning of the test and exhorted to pedal as fast as 
possible throughout the entire 3-min duration. In an attempt to prevent pacing, 
subjects were blinded to their performance and the elapsed time. Critical power 
was calculated as the average power output over the final 30 s of the test,65 and 
peak V̇o2 was the greatest 30-s average obtained during the all-out bout. 
 Fig. 2. Mean power profiles for men (A) and women (B) during the all-out 3-min test to 
estimate critical power. The power output at the end of the all-out 3-min test fell to 
similar relative intensities below the highest power output that could be sustained for 5 
min and elicited the V ̇o2max (Paer; demarked by horizontal black lines) in both sexes. Note 
the similar profiles for the men and women despite the markedly greater power outputs 
achieved by the men. Gray solid lines and dashed horizontal black lines represent ±1 SD. 
ELECTROMYOGRAPHY.  
Surface electromyography (EMG) electrodes were adhered to the skin in a bipolar 
arrangement overlying the distal portions of the muscle bellies of the right and left 
vastus lateralis and vastus medialis with an interelectrode distance of ~35 mm. 
The reference electrode was placed over the superior aspect of the iliac crest. 
Interelectrode impedance was reduced to below 3 kΩ by shaving and cleaning the 
skin with ethanol. The locations of the electrodes were marked with indelible ink at 
the end of each testing session to achieve repeatable electrode placement between 
sessions. EMG lead wires and electrodes were wrapped with an elastic bandage to 
secure their placement and maintain quality surface contact during the course of 
the cycling bouts. Analog EMG signals were amplified (×5,000), filtered (10–1,000 
Hz half-amplitude band pass and 60-Hz notch filter; P511, Grass Technologies, 
Warwick, RI), and digitized at 3,003 Hz with an A/D converter (Digidata 1440, 
Molecular Devices, Sunnyvale, CA) throughout the duration of each cycling trial. 
The digitized signals were stored to a PC and analyzed with a custom analysis 
routine (IGOR 6.2, Wavemetrics, Portland, OR). Stored EMG data were rectified 
and averaged (AEMG) on a per contraction basis; an electromagnetic pulse that 
triggered at the top and bottom of each pedal revolution (shown in Fig. 1) was 
used to indicate the respective beginning and end of the muscle contraction for the 
EMG computations. Changes in the amplitude of the AEMG during each constant-
load trial >20 s in duration were determined by the slope of the least squares 
regression line (ΔAEMG/ΔTime). 
RATES OF MUSCLE PERFORMANCE LOSS AND THE TIME COURSE OF MUSCLE FATIGUE.  
Multiple mathematical models exist to quantify the performance-duration 
relationship, each with different limitations. Specifically, the two- and three-
parameter hyperbolic functions provide the most accurate estimate of the greatest 
intensity that can be sustained while maintaining a metabolic steady state but 
provide an overestimate of Pmax and are relatively inaccurate at describing 
performances eliciting failure in 2–3 min or less.31,40,45 In contrast, exponential 
functions typically overestimate the lower limit of the nonsustainable performance 
range (e.g., Fig. 2) but are the most accurate method to describe short-duration 
efforts eliciting failure between 3 s and roughly 15 min.14,31,33,45 Therefore, to 
compare the time course of muscle fatigue between the men and women, we used 
a previously described exponential function68 and calculated the time constants 
describing the relationship between the mechanical power (kp) and pedal force (kf) 
and the times to failure for the 11–14 constant-load cycling bouts performed 
above Paer (e.g., Fig. 3). These computations required a residual minimizing 
iterative procedure (Kaleidagraph version 4.03, Synergy software, Reading, PA) to 
solve for the exponential time constants (kp and kf) based on the measured terms 
in the following equations:  
P(t) = Paer + (Pmax–Paer)e−kt  (2) 
F(t) = Faer + (Fmax–Faer)e−kt  (3) 
where P(t) and F(t) are the respective measures of mechanical power and pedal 
force for the 11–14 constant-load trials with times to failure of duration t, and 
Pmax, Fmax, Paer, and Faer are, respectively, the peak mechanical power and pedal 
force that could be achieved for 3 s and the greatest mechanical power and pedal 
force that could be sustained for 5 min while eliciting the V̇o2max. 
 Fig. 3. Individual performance-duration relationships for mechanical power (A) and pedal 
force (C) in relation to the times to failure from the male and female subjects with the 
most rapid (● and ◆) and slowest (○ and ◇) rates of muscle performance loss (k). 
Measured values of Pmax, Paer, Fmax, and Faer were used to fit the individual curves in 
accordance with Eqs. 2 and 3. When the absolute performance-duration relationships were 
expressed as a percentage of the nonsustainable performance range (e-kt), the time 
course of the relative loss in power (B) and force (D) for the four subjects were accurately 
described by a single exponential time constant. 
STATISTICS.  
Mean differences for all physiological variables were compared between men and 
women with an unpaired independent samples t-test. Assumptions for the 
homogeneity of variance were tested by using the Levene’s test before any 
statistical comparisons. The a priori level of significance for the t-tests was set at P 
< 0.05. Data throughout the manuscript and within the figures are presented as 
means ± SD. 
RESULTS 
MAXIMUM RATES OF O2 UPTAKE, CRITICAL POWER, AND PEAK SUSTAINABLE POWER 
AND PEDAL FORCE 
The average mechanical power output sustained for 5 min while eliciting the 
V̇o2max (Paer) was 68% greater for the men (310 ± 46.5 W) than the women 
(212 ± 15.2 W) (Fig. 4 and Table 1; P < 0.001). These power outputs were 
achieved with greater pedal forces (men 223 ± 33.3 N; women 153 ± 11.2 N) (Fig. 
4; P < 0.001) and elicited a greater V̇o2max in the men (54.6 ± 9.46 ml 
O2·kg−1·min−1) compared with the women (44.7 ± 5.64 ml O2·kg−1·min−1) (Table 
1; P = 0.03). When expressed as absolute rates of O2 uptake, the values were 
4.77 ± 0.27 liters O2/min (range = 3.70–5.77 liters O2/min) for the men and 
3.16 ± 0.09 liters O2/min (range = 2.77–3.45 liters O2/min) for the women (P < 
0.001). However, the mean respiratory exchange ratio attained during Paer did not 
differ between the sexes (P = 0.33) and was 1.13 ± 0.06 for the men and 
1.16 ± 0.04 for the women. 
 
Fig. 4.Study means for the absolute levels of mechanical power (A) and pedal force (C) 
produced by the men and women in relation to the durations these performances could be 
sustained until failure. While the mean absolute cycling performances were markedly 
greater in the men compared with the women (A and C), the time constants (k) describing 
the relationship between the relative power (B) and force (D) and the times to failure 
were the same for both sexes (P > 0.05). For example, the mechanical power (B) and 
pedal forces (D) at 50% of the nonsustainable performance range were maintained for 
similar durations before failure in men and women (P > 0.05). Shaded gray regions 
represent ±1 SD. 
Critical power, determined as the average power output over the last 30 s of the 
all-out 3-min cycling test, was also greater for the men (270 ± 57.4 W) than the 
women (188 ± 19.2 W) (Table 1; P = 0.004). These power outputs, however, were 
achieved with a similar average cadence over the last 30 s of the all-out bout 
(men 77 ± 6.3 rpm; women 81 ± 9.8 rpm; P = 0.41) and at similar relative 
intensities of Paer for both sexes (men 86 ± 7.3%; women 89 ± 6.8%) (Fig. 2; P = 
0.55). In addition, the V̇o2max elicited during the all-out critical power test did not 
differ from the V̇o2max obtained from Paer for either the men (52.8 ± 8.15 ml 
O2·kg−1·min−1; P = 0.11) or the women (44.7 ± 4.08 ml O2·kg−1·min−1; P = 0.96). 
The highest 30-s mean respiratory exchange ratio obtained during the all-out 3-
min test also did not differ between the men (1.36 ± 0.05) and the women 
(1.32 ± 0.04; P = 0.41). 
PEAK MECHANICAL POWER AND PEDAL FORCE 
The burst mechanical power outputs attained for 3 s at 80 rpm was 66% greater 
for the men (956 ± 108.8 W) than the women (632 ± 74.0 W) (Fig. 4 and Table 1; 
P < 0.001) and were achieved with greater pedal forces (men 686 ± 74.3 N; 
women 456 ± 53.3 N) (Fig. 4; P < 0.001). However, when the power outputs were 
expressed as a multiple of the performances eliciting the V̇o2max, both men and 
women could produce power outputs that were approximately threefold greater 
than their respective Paer (men 3.1 ± 0.6X, range = 2.4–4.1X; women 3.0 ± 0.4X, 
range = 2.5–3.5X; P = 0.60). Similarly, if the power outputs eliciting the V̇o2max 
were expressed as a percentage of the burst mechanical power outputs, both men 
and women could produce power outputs at this metabolic transition that were 
~33% of their respective Pmax (men 33 ± 5.5%, range = 24–41%; women 
34 ± 5.2%, range = 29–40%; P = 0.64). These performances resulted in an 
average absolute nonsustainable performance range (Pmax-Paer) that was 65% 
greater in the men (647 ± 112.4 W, range = 534–845 W) compared with the 
women (420 ± 78.3 W, range = 316–538 W; P < 0.001). 
PERFORMANCE-DURATION RELATIONSHIP AND THE TIME COURSE OF MUSCLE 
FATIGUE 
In total, 180 exhaustive cycling trials were performed that elicited failure between 
3 and 300 s (men = 90 and women = 90). The time constants that best described 
the exponential relationship (Eqs. 2 and 3) between the measured mechanical 
performances and times to failure for each individual’s 11–14 constant-load trials 
were used to compare the time course of muscle fatigue between the sexes (Fig. 3 
and and4).4 For all of the subjects, the individual force- and power-duration 
relationships (e.g., Fig. 3) were well described by the calculated exponential time 
constants with a respective mean R2 of 0.98 ± 0.01 (range = 0.97–0.99) and 
0.98 ± 0.01 (range = 0.96–0.99) for the men and 0.98 ± 0.01 (range = 0.96–0.99) 
and 0.98 ± 0.01 (range = 0.96–0.99) for the women. 
Despite greater absolute neuromuscular force and power outputs in the men 
compared with the women, the exponential time constants describing the time 
course of muscle fatigue were similar between the sexes for both pedal force (kf-
men 0.019 ± 0.003/s: kf-women 0.021 ± 0.003/s) (Fig. 4; P = 0.26) and power output 
(kp-men 0.020 ± 0.003/s: kp-women 0.021 ± 0.003/s) (Fig. 4; P = 0.34). When the 
analysis was limited to include the men and women with the highest and lowest k-
values only, a single exponential time constant (men and women combined) was 
able to describe the force- and power-duration relationships with an R2 of 0.94 and 
0.95, respectively (Fig. 3). Because the rates of performance loss were not 
different between the sexes, we derived a single exponential time constant that 
best described the performance-duration relationships for all 14 subjects (Fig. 5). 
By using all 180 exhaustive trials from both the men and women, the power- and 
force-duration relationships were accurately described by a single exponential time 
constant of 0.0207/s (R2 = 0.96) and 0.0201/s (R2 = 0.96), respectively. 
 
Fig. 5.The time course of the relative loss in power (A) and pedal force (B) from the 180 
exhaustive trials (men = 90 and women = 90) performed by all 14 subjects were 
accurately described by a single exponential time constant. The time constants for the 
power- and force-duration relationships were 0.0207/s (R2 = 0.96) and 0.0201/s 
(R2 = 0.96), respectively. 
NEUROMUSCULAR ACTIVATION PATTERNS AND EMG ACTIVITY 
To compare the neuromuscular activation patterns between the men and women, 
AEMG activity was quantified contraction-by-contraction for each muscle from a 
total of 55,646 contractions from the men and 50,756 contractions from the 
women. In the trials where the power output and pedal forces could be sustained 
by using primarily aerobic metabolism, AEMG remained essentially constant 
throughout the exercise bouts in all four muscles (Fig. 6 and and7).7 In contrast, 
in the exhaustive trials performed with power outputs and pedal forces that 
exceeded the maximum performance that could be supported aerobically (Paer and 
Faer, respectively), and thus required a net reliance on anaerobic metabolism, 
AEMG increased continuously throughout each constant-load bout until the point of 
failure (Fig. 6). The rates of change in AEMG activity (ΔAEMG/ΔTime) during the 
exhaustive constant-load bouts were typically the highest when the power and 
force outputs exceeded the performances that could be supported aerobically by 
the greatest extent (Fig. 7 and and8).8 When the rate of change in AEMG activity 
from all trials were plotted against the constant-load pedal forces expressed as a 
percentage of Faer, the neuromuscular activation patterns were indistinguishable 
between the sexes (Fig. 8). 
 
Fig. 6.Contraction-by-contraction, rectified, and averaged EMG (AEMG) from the vastus 
medialis of the right leg during two constant-load trials for a representative male (A) and 
female (B) subject. In the constant-load trials that were sustainable and supported 
primarily by aerobic metabolism (gray outlined symbols), there was no increase in the 
amplitude of the AEMG; however, in the constant-load trials that elicited failure in <300 s, 
the amplitude of the AEMG progressively increased until the point of failure (black outlined 
symbols). The sustainable trials depicted for both individuals were performed at the same 
power output as the critical power determined by the all-out 3-min test. 
 
 
Fig. 7.Rates of change in EMG activity (ΔAEMG/ΔTime) from the vastus medialis (A and B) 
and lateralis (C and D) of both legs for a representative male and female subject in all 
trials >20 s. In the constant-load trials performed with pedal forces below the maximum 
forces sustained primarily by aerobic metabolism (force < Faer), EMG activity from all four 
quadriceps muscles remained essentially constant for both subjects, i.e., ΔAEMG/ΔTime ≈ 
0. In contrast, the trials with force outputs that exceeded Faer, and thus required a 
continued reliance on anaerobic metabolism, AEMG increased in all four muscles for the 
male and female subject, i.e., ΔAEMG/ΔTime > 0. Linear regression lines for both subjects 
indicate that more rapid rates of increased EMG activity occurred in trials where the force 
output exceeded Faer by a greater extent. 
 
Fig. 8.Rates of change in EMG activity (ΔAEMG/ΔTime) from the vastus medialis (A) and 
lateralis (B) of both legs for all subjects and all trials plotted against the pedal force 
expressed as a percentage of Faer. In constant-load trials performed with pedal forces 
below Faer, EMG activity from all four quadriceps muscles remained essentially constant; 
however, in the constant-load trials with force outputs that exceeded Faer, and thus 
required a continued reliance on anaerobic metabolism, rates of AEMG increased similarly 
in both muscle groups for the men and the women (P > 0.05 for both muscle groups). 
DISCUSSION 
From the 180 exhaustive trials eliciting failure between 3 and 300 s and the 88 
trials performed at or below the maximum performances supported primarily by 
aerobic metabolism, we found support for each of our hypotheses. As predicted, 
men were able to generate greater force and power outputs than women across 
the entire nonsustainable performance range (Table 1 and Fig. 4). Despite the 
large sex differences in absolute neuromuscular performance, the metabolically 
based exponential time constants that described the time course of muscle fatigue 
were similar between men and women (Fig. 4 and and5).5 In addition, the onset of 
the fatigue-induced increased EMG activity was closely associated with the 
metabolic transition where performances could be supported aerobically to those 
that required a progressive reliance on anaerobic energy pathways to resynthesize 
ATP (Figs. 7 and and8).8 The absolute force and power outputs at this metabolic 
transition were an average of ~68% greater in the men compared with the 
women; however, when the constant-load trials were expressed as a percentage 
of the upper level of performance that could be supported aerobically (Faer), the 
compensatory neuromuscular activity was similar between the sexes (Fig. 8). 
These data suggest that a common metabolically based mechanism determines 
the rates of force and power loss during short-duration nonsustainable dynamic 
exercise, and that the rate-limiting mechanisms are similar for both men and 
women. The findings are particularly novel because they apply to the entire 
nonsustainable performance range, which for the cycling exercise studied here 
represented ~67% of each individual’s entire range of force and power generating 
capabilities. 
TIME COURSE OF MUSCLE PERFORMANCE LOSS AND THE DEVELOPMENT OF FATIGUE 
DURING SHORT-DURATION NONSUSTAINABLE EXERCISE 
The men and women in this study completed exhaustive trials eliciting failure with 
over a 35-fold range of trial durations (8–283 s) and generated a 2-fold range in 
both the peak mechanical performance (Pmax and Fmax) and the highest 
performance that could be sustained primarily by aerobic metabolism (Paer and 
Faer) (Fig. 4). In addition, the maximum absolute rates of oxygen uptake spanned 
greater than a twofold range across the sexes (2.77–5.77 liters O2/min). The 
physiological differences between the men and women that are necessary to 
achieve this wide range of performances provided a compelling scenario to test our 
hypothesis that a common underlying mechanism determines the rates of muscle 
force and power loss during short-duration dynamic exercise. Despite the wide 
range of absolute performances, the data support our hypothesis by revealing that 
a single metabolically based exponential time constant was able to describe 96% 
of the variance between the level of muscular force or power produced and the 
duration the exhaustive performances could be sustained until failure for both men 
and women (Fig. 5). Even when we restricted our analysis to include only the two 
men and women with the highest and lowest rates of muscle performance loss 
(Fig. 3), a single exponential time constant was still able to describe the force- 
(R2 = 0.94) and power-duration relationships (R2 = 0.95). This observation prompts 
the following question: What is the common underlying mechanism that governs 
the highly predictable performance-duration relationship during short-duration 
nonsustainable dynamic exercise? 
Numerous studies have suggested that the lower physiological limit for 
nonsustainable exercise is determined by the highest performance that can be 
supported by aerobic metabolism while still being able to achieve a metabolic 
steady state.20,40,54 Direct measures of intramuscular bioenergetics via phosphorus 
magnetic resonance spectroscopy (31P-MRS) have consistently shown that exercise 
intensities performed above this level result in the precipitous buildup of metabolic 
by-products that are closely associated with fatigue and continue to accumulate 
until the point of failure.18,32,41,66 The further the exercise intensity exceeds this 
metabolic threshold, the more rapidly the metabolic by-products accumulate 
within the contracting muscle. In contrast, in exercise intensities performed below 
this level, ATP resynthesis can be met primarily by oxidative phosphorylation and 
the metabolic environment is stabilized.18,41,66 Thus it is most likely that the 
mechanism determining the exponential performance-duration relationship and 
the common time course of muscle fatigue is metabolically based. 
In the current study, the force and power outputs that could be sustained for 5 
min while eliciting the V̇o2max were used as the indicator for this metabolic 
threshold and were 68% greater in men compared with women (Fig. 4 and Table 
1). It should be noted, however, that the precise performance level where this 
metabolic transition occurs remains an active area of investigation45 but is likely 
~10% lower than the 5-min V̇o2max simplification we used here (Fig. 2) and 
previously.14,62,67,68 This 10% difference between the power at V̇o2max and the 
critical power represented 4 ± 0.6% of the performance range studied from the 
men and women and did not alter any of the conclusions. We elected to use the 
more conservative approach, because at present the net flux through anaerobic 
energy pathways cannot be directly measured during whole body exercise. In 
contrast, the force and power outputs that exceed the aerobic maximum can be 
evaluated and unequivocally indicate that a progressive reliance on anaerobic 
energy is required to support the contractile activity. In addition, our experimental 
focus was to incorporate performances spanning the entire range possible by the 
neuromuscular system, with particular emphasis on efforts eliciting failure in less 
than 2–3 min. These brief efforts experience the greatest decrements in force and 
power (Figs. 2–5), rely the most on anaerobic metabolism,56 and are the least 
studied. 
Although we are unable to identify the specific underlying mechanisms 
determining in vivo muscle fatigue, these data provide strong evidence that the 
mechanisms during short-duration nonsustainable exercise are similar between 
men and women (Figs. 5 and and8).8 We posit that the performance-duration 
relationship and the rate of fatigue development are determined by the extent that 
the ATP resynthesis necessary to support the contractile activity is provided by 
anaerobic energy sources. The accumulation of metabolic by-products, particularly 
inorganic phosphate (Pi) and hydrogen ions (H+),21 that occurs from relying on 
anaerobic metabolism influence exercise performance either indirectly via 
activation of sensory afferent feedback to the central nervous system4,11 or directly 
by impairing key steps in excitation-contraction coupling and the cross-bridge 
cycle.3,26,27 Previous studies in men performing exhaustive efforts that elicited 
failure with relatively similar durations to those in the current study indicated a 
near complete ability to volitionally activate the knee extensor muscles.9,39 These 
studies in conjunction with the current findings suggest that the rapid exponential 
performance loss is determined primarily by mechanisms originating within the 
contracting muscle rather than failure within the nervous system. However, 
limitations in the methods used to identify fatigue-based mechanisms occurring 
with the nervous system make it difficult to directly evaluate these mechanisms 
during whole body dynamic exercise. Future studies to advance these techniques 
will further the understanding of how a reliance on anaerobic metabolism impairs 
muscle force and power in such a highly predictable and consistent manner for 
both men and women (Figs. 4 and and5)5 and across different modes of 
exercise.14,62,67,68 
FATIGUE-INDUCED COMPENSATORY ACTIVITY OF THE NERVOUS SYSTEM 
The neuromuscular activation patterns provide additional evidence that muscle 
fatigue during short-duration dynamic exercise is determined by a common 
metabolically based mechanism in both men and women. In the constant-load 
trials that were sustainable and could be supported primarily by aerobic 
metabolism, we observed minimal increase in the EMG activity of the knee 
extensor muscles in either the men or women (Figs. 6 and and7).7 In contrast, 
when the force and power outputs exceeded the maximum performance that could 
be supported aerobically, and thus required a progressive reliance on anaerobic 
metabolism, the EMG activity increased from the beginning of the trial until failure. 
The rates of increased EMG activity were more rapid the further the power and 
force outputs exceeded the performance that could be supported aerobically, and 
this trend was similar for the men and women (Figs. 7 and and8).8 The close 
association between the onset of the fatigue-induced increased EMG activity and 
the maximum performance that could be supported aerobically provide further 
support that muscle fatigue and the compensatory neuromuscular response are 
determined by a reliance on anaerobic energy to resynthesize ATP. 
The increased EMG activity during constant-load fatiguing exercise is most 
commonly attributed to an increased motor unit recruitment to compensate for the 
fatigue occurring within the originally activated fibers.2,17,48 Altered motor unit 
discharge rates may also be responsible for the increased EMG activity but are not 
likely the primary factor, because motor unit discharge rates can either increase, 
decrease, or display minimal net change during submaximal fatiguing 
bouts.1,17,28,29 These conclusions are determined primarily from studies on 
isometric contractions due to the inherent difficulty of tracking individual motor 
unit action potentials during dynamic contractions. However, the limited data that 
are available suggest that similar motor control strategies to those observed 
during isometric contractions occur during concentric contractions.22,29 Thus the 
increased EMG activity during the exhaustive dynamic contractions in this study 
was probably due primarily to an increase in motor unit recruitment. Irrespective 
of the precise motor control strategy, the conclusion that the fatigue-induced 
increase in EMG activity is determined by the net reliance on anaerobic 
metabolism and is similar for men and women remains unaffected. 
The finding that the onset of the fatigue-induced increased EMG activity is closely 
associated with the net reliance on anaerobic metabolism supports numerous 
previous observations from both static and dynamic contractions and from whole 
body and isolated limb exercises.13,16,49,62 However, it is not as well recognized 
that this metabolic transition and the corresponding compensatory neuromuscular 
response can occur irrespective of the absolute or relative amount of force 
generated by the muscle.13,62 This conclusion is supported by closer examination 
of the data from the men and women in the current study. If the performances 
eliciting the maximum rates of oxygen uptake (Paer or Faer) are expressed relative 
to the maximum mechanical performances (Pmax or Fmax), which in dynamic 
contractions is analogous to expressing performances relative to the maximum 
voluntary contraction, the metabolic transition occurred between 24 and 41% of 
the maximum mechanical performances across the men and women. Similarly, the 
absolute pedal forces and power outputs at this metabolic transition spanned a 
range of 137 to 267 N and 188 to 370 W, respectively. The variations in the force 
and power outputs at which this metabolic transition occurs within a mode of 
exercise are likely explained by the multitude of physiological factors known to 
affect the maximum aerobic power that can be generated across different 
individuals.43 However, when these differences are accounted for by expressing 
the neuromuscular activation patterns relative to the maximum performance 
supported primarily by aerobic metabolism, a clear and consistent trend in 
neuromuscular activation is observed that occurs similarly in both sexes (Fig. 8). 
These findings provide novel insight that when greater rates of increased EMG 
activity occur across individuals or experimental paradigms, the more rapid rates 
of muscle fatigue can likely be explained by a greater reliance on anaerobic 
metabolism. 
CONCLUDING REMARKS 
The data here reveal that the exponential performance-duration relationship, 
originally conceptualized from studies on running, cycling, and knee extension 
exercises in men.13,14,33,62,67 can now be extended to an equivalent application and 
understanding of the factors responsible for muscle fatigue during dynamic 
exercise in women. These findings, in conjunction with others,13,14,33,62,67 offer 
refinement to the prevailing paradigm that the causes of muscle fatigue across 
different tasks do not have a common mechanistic basis. Indeed, the mechanisms 
of fatigue for considerably longer-duration, low-intensity efforts27 or intricate 
manipulations to a motor task37,50 may differ from those presented here. However, 
the consistency of the exponential decrements in force and power that has been 
observed across multiple modes of dynamic exercise,13,14,33,62,67 and that are 
similar for individuals with different sprint and endurance capabilities67 and for 
men and women (Figs. 4 and and5),5 suggests there is a common physiological 
basis of muscle fatigue during dynamic exercise. We conclude that muscle fatigue 
during short-duration nonsustainable dynamic exercise and the corresponding 
compensatory neuromuscular activity are determined by a net reliance on 
anaerobic metabolism to support the contractile activity. 
GRANTS 
This work was supported by graduate fellowships to C. Sundberg (NASA-
NNX10AJ83H; F31AG052313). 
AUTHOR CONTRIBUTIONS 
C.W.S. performed experiments; C.W.S. analyzed data; C.W.S. and M.W.B. 
interpreted results of experiments; C.W.S. prepared figures; C.W.S. drafted 
manuscript; C.W.S., S.K.H., and M.W.B. edited and revised manuscript; C.W.S., 
S.K.H., and M.W.B. approved final version of manuscript. 
DISCLOSURES 
No conflicts of interest, financial or otherwise, are declared by the author(s). 
ACKNOWLEDGMENTS 
We thank Brice Cleland for valuable comments on earlier drafts of this manuscript 
and the subjects for the rigorous efforts they provided to make this study possible. 
REFERENCES 
1Adam A, De Luca CJ. Firing rates of motor units in human vastus lateralis muscle during 
fatiguing isometric contractions. J Appl Physiol (1985) 99: 268–280, 2005. 
doi:10.1152/japplphysiol.01344.2004. 
2Adam A, De Luca CJ. Recruitment order of motor units in human vastus lateralis muscle 
is maintained during fatiguing contractions. J Neurophysiol 90: 2919–2927, 2003. 
doi:10.1152/jn.00179.2003. 
3Allen DG, Lamb GD, Westerblad H. Skeletal muscle fatigue: cellular mechanisms. Physiol 
Rev 88: 287–332, 2008. doi:10.1152/physrev.00015.2007. 
4Amann M, Blain GM, Proctor LT, Sebranek JJ, Pegelow DF, Dempsey JA. Implications of 
group III and IV muscle afferents for high-intensity endurance exercise 
performance in humans. J Physiol 589: 5299–5309, 2011. 
doi:10.1113/jphysiol.2011.213769. 
5Amann M, Romer LM, Pegelow DF, Jacques AJ, Hess CJ, Dempsey JA. Effects of arterial 
oxygen content on peripheral locomotor muscle fatigue. J Appl Physiol (1985) 101: 
119–127, 2006. doi:10.1152/japplphysiol.01596.2005. 
6Bassett DR Jr, Howley ET, Thompson DL, King GA, Strath SJ, McLaughlin JE, Parr BB. 
Validity of inspiratory and expiratory methods of measuring gas exchange with a 
computerized system. J Appl Physiol (1985) 91: 218–224, 2001. 
7Baudry S, Sarrazin S, Duchateau J. Effects of load magnitude on muscular activity and 
tissue oxygenation during repeated elbow flexions until failure. Eur J Appl Physiol 
113: 1895–1904, 2013. doi:10.1007/s00421-013-2618-7. 
8Beaver WL, Wasserman K, Whipp BJ. A new method for detecting anaerobic threshold by 
gas exchange. J Appl Physiol (1985) 60: 2020–2027, 1986. 
9Beelen A, Sargeant AJ, Jones DA, de Ruiter CJ. Fatigue and recovery of voluntary and 
electrically elicited dynamic force in humans. J Physiol 484: 227–235, 1995. 
doi:10.1113/jphysiol.1995.sp020660. 
10Bigland-Ritchie B, Woods JJ. Changes in muscle contractile properties and neural control 
during human muscular fatigue. Muscle Nerve 7: 691–699, 1984. 
doi:10.1002/mus.880070902. 
11Bigland-Ritchie BR, Dawson NJ, Johansson RS, Lippold OCJ. Reflex origin for the slowing 
of motoneurone firing rates in fatigue of human voluntary contractions. J Physiol 
379: 451–459, 1986. doi:10.1113/jphysiol.1986.sp016263.  
12Billaut F, Bishop DJ. Mechanical work accounts for sex differences in fatigue during 
repeated sprints. Eur J Appl Physiol 112: 1429–1436, 2012. doi:10.1007/s00421-
011-2110-1. 
13Bundle MW, Ernst CL, Bellizzi MJ, Wright S, Weyand PG. A metabolic basis for impaired 
muscle force production and neuromuscular compensation during sprint cycling. Am 
J Physiol Regul Integr Comp Physiol 291: R1457–R1464, 2006. 
doi:10.1152/ajpregu.00108.2006. 
14Bundle MW, Hoyt RW, Weyand PG. High-speed running performance: a new approach to 
assessment and prediction. J Appl Physiol (1985) 95: 1955–1962, 2003. 
doi:10.1152/japplphysiol.00921.2002. 
15Burnley M, Doust JH, Vanhatalo A. A 3-min all-out test to determine peak oxygen uptake 
and the maximal steady state. Med Sci Sports Exerc 38: 1995–2003, 2006. 
doi:10.1249/01.mss.0000232024.06114.a6. 
16Burnley M, Vanhatalo A, Jones AM. Distinct profiles of neuromuscular fatigue during 
muscle contractions below and above the critical torque in humans. J Appl Physiol 
(1985) 113: 215–223, 2012. doi:10.1152/japplphysiol.00022.2012.  
17Carpentier A, Duchateau J, Hainaut K. Motor unit behaviour and contractile changes 
during fatigue in the human first dorsal interosseus. J Physiol 534: 903–912, 2001. 
doi:10.1111/j.1469-7793.2001.00903.x. 
18Chidnok W, Fulford J, Bailey SJ, Dimenna FJ, Skiba PF, Vanhatalo A, Jones AM. Muscle 
metabolic determinants of exercise tolerance following exhaustion: relationship to 
the “critical power”. J Appl Physiol (1985) 115: 243–250, 2013. 
doi:10.1152/japplphysiol.00334.2013. 
19Clark BC, Manini TM, Thé DJ, Doldo NA, Ploutz-Snyder LL. Gender differences in skeletal 
muscle fatigability are related to contraction type and EMG spectral compression. J 
Appl Physiol (1985) 94: 2263–2272, 2003. doi:10.1152/japplphysiol.00926.2002. 
20Conley KE, Kemper WF, Crowther GJ. Limits to sustainable muscle performance: 
interaction between glycolysis and oxidative phosphorylation. J Exp Biol 204: 3189–
3194, 2001. 
21Debold EP, Fitts RH, Sundberg CW, Nosek TM. Muscle fatigue from the perspective of a 
single crossbridge. Med Sci Sports Exerc 48: 2270–2280, 2016. 
doi:10.1249/MSS.0000000000001047. 
22Del Valle A, Thomas CK. Firing rates of motor units during strong dynamic contractions. 
Muscle Nerve 32: 316–325, 2005. doi:10.1002/mus.20371. 
23Edwards RG, Lippold OC. The relation between force and integrated electrical activity in 
fatigued muscle. J Physiol 132: 677–681, 1956. 
doi:10.1113/jphysiol.1956.sp005558. 
24Esbjörnsson-Liljedahl M, Bodin K, Jansson E. Smaller muscle ATP reduction in women 
than in men by repeated bouts of sprint exercise. J Appl Physiol (1985) 93: 1075–
1083, 2002. doi:10.1152/japplphysiol.00732.1999. 
25Esbjörnsson-Liljedahl M, Sundberg CJ, Norman B, Jansson E. Metabolic response in type 
I and type II muscle fibers during a 30-s cycle sprint in men and women. J Appl 
Physiol (1985) 87: 1326–1332, 1999.  
26Fitts RH. The cross-bridge cycle and skeletal muscle fatigue. J Appl Physiol (1985) 104: 
551–558, 2008. doi:10.1152/japplphysiol.01200.2007. 
27Fitts RH. The muscular system: fatigue processes. In: ACSM’s Advanced Exercise 
Physiology, edited by Farrell PA, Joyner MJ, Caiozzo VJ. Philadelphia, PA: Lippincott 
Williams & Wilkins, 2012, p. 171–193. 
28Garland SJ, Enoka RM, Serrano LP, Robinson GA. Behavior of motor units in human 
biceps brachii during a submaximal fatiguing contraction. J Appl Physiol (1985) 76: 
2411–2419, 1994. 
29Harwood B, Choi I, Rice CL. Reduced motor unit discharge rates of maximal velocity 
dynamic contractions in response to a submaximal dynamic fatigue protocol. J Appl 
Physiol (1985) 113: 1821–1830, 2012. doi:10.1152/japplphysiol.00879.2012. 
30Hill AV. The physiological basis of athletic records. Nature 116: 544–548, 1925. 
doi:10.1038/116544a0. 
31Hill DW. The relationship between power and time to fatigue in cycle ergometer exercise. 
Int J Sports Med 25: 357–361, 2004. doi:10.1055/s-2004-815838.  
32Hogan MC, Richardson RS, Haseler LJ. Human muscle performance and PCr hydrolysis 
with varied inspired oxygen fractions: a 31P-MRS study. J Appl Physiol (1985) 86: 
1367–1373, 1999. 
33Hopkins WG, Edmond IM, Hamilton BH, Macfarlane DJ, Ross BH. Relation between power 
and endurance for treadmill running of short duration. Ergonomics 32: 1565–1571, 
1989. doi:10.1080/00140138908966925. 
34Hunter SK. Sex differences in fatigability of dynamic contractions. Exp Physiol 101: 250–
255, 2016. doi:10.1113/EP085370. 
35Hunter SK. Sex differences in human fatigability: mechanisms and insight to 
physiological responses. Acta Physiol (Oxf) 210: 768–789, 2014. 
doi:10.1111/apha.12234. 
36Hunter SK, Enoka RM. Sex differences in the fatigability of arm muscles depends on 
absolute force during isometric contractions. J Appl Physiol (1985) 91: 2686–2694, 
2001. 
37Hunter SK, Lepers R, MacGillis CJ, Enoka RM. Activation among the elbow flexor muscles 
differs when maintaining arm position during a fatiguing contraction. J Appl Physiol 
(1985) 94: 2439–2447, 2003. doi:10.1152/japplphysiol.01038.2002.  
38Hunter SK, Schletty JM, Schlachter KM, Griffith EE, Polichnowski AJ, Ng AV. Active 
hyperemia and vascular conductance differ between men and women for an 
isometric fatiguing contraction. J Appl Physiol (1985) 101: 140–150, 2006. 
doi:10.1152/japplphysiol.01567.2005. 
39James C, Sacco P, Jones DA. Loss of power during fatigue of human leg muscles. J 
Physiol 484: 237–246, 1995. doi:10.1113/jphysiol.1995.sp020661. 
40Jones AM, Vanhatalo A, Burnley M, Morton RH, Poole DC. Critical power: implications for 
determination of V ̇o2max and exercise tolerance. Med Sci Sports Exerc 42: 1876–
1890, 2010. doi:10.1249/MSS.0b013e3181d9cf7f. 
41Jones AM, Wilkerson DP, DiMenna F, Fulford J, Poole DC. Muscle metabolic responses to 
exercise above and below the “critical power” assessed using 31P-MRS. Am J Physiol 
Regul Integr Comp Physiol 294: R585–R593, 2008. 
doi:10.1152/ajpregu.00731.2007. 
42Jones JH, Lindstedt SL. Limits to maximal performance. Annu Rev Physiol 55: 547–569, 
1993. doi:10.1146/annurev.ph.55.030193.002555. 
43Joyner MJ, Coyle EF. Endurance exercise performance: the physiology of champions. J 
Physiol 586: 35–44, 2008. doi:10.1113/jphysiol.2007.143834.  
44Katayama K, Amann M, Pegelow DF, Jacques AJ, Dempsey JA. Effect of arterial 
oxygenation on quadriceps fatigability during isolated muscle exercise. Am J Physiol 
Regul Integr Comp Physiol 292: R1279–R1286, 2007. 
doi:10.1152/ajpregu.00554.2006. 
45Keir DA, Fontana FY, Robertson TC, Murias JM, Paterson DH, Kowalchuk JM, Pogliaghi S. 
Exercise intensity thresholds: identifying the boundaries of sustainable 
performance. Med Sci Sports Exerc 47: 1932–1940, 2015. 
doi:10.1249/MSS.0000000000000613. 
46Lind AR, Petrofsky JS. Amplitude of the surface electromyogram during fatiguing 
isometric contractions. Muscle Nerve 2: 257–264, 1979. 
doi:10.1002/mus.880020404. 
47Martin PG, Rattey J. Central fatigue explains sex differences in muscle fatigue and 
contralateral cross-over effects of maximal contractions. Pflugers Arch 454: 957–
969, 2007. doi:10.1007/s00424-007-0243-1. 
48Moritani T, Muro M, Nagata A. Intramuscular and surface electromyogram changes 
during muscle fatigue. J Appl Physiol (1985) 60: 1179–1185, 1986. 
49Moritani T, Takaishi T, Matsumoto T. Determination of maximal power output at 
neuromuscular fatigue threshold. J Appl Physiol (1985) 74: 1729–1734, 1993. 
50Mottram CJ, Jakobi JM, Semmler JG, Enoka RM. Motor-unit activity differs with load type 
during a fatiguing contraction. J Neurophysiol 93: 1381–1392, 2005. 
doi:10.1152/jn.00837.2004. 
51Parker BA, Smithmyer SL, Pelberg JA, Mishkin AD, Herr MD, Proctor DN. Sex differences 
in leg vasodilation during graded knee extensor exercise in young adults. J Appl 
Physiol (1985) 103: 1583–1591, 2007. doi:10.1152/japplphysiol.00662.2007. 
52Pincivero DM, Coelho AJ, Campy RM. Gender differences in perceived exertion during 
fatiguing knee extensions. Med Sci Sports Exerc 36: 109–117, 2004. 
doi:10.1249/01.MSS.0000106183.23941.54. 
53Pincivero DM, Gandaio CM, Ito Y. Gender-specific knee extensor torque, flexor torque, 
and muscle fatigue responses during maximal effort contractions. Eur J Appl Physiol 
89: 134–141, 2003. doi:10.1007/s00421-002-0739-5. 
54Poole DC, Ward SA, Gardner GW, Whipp BJ. Metabolic and respiratory profile of the 
upper limit for prolonged exercise in man. Ergonomics 31: 1265–1279, 1988. 
doi:10.1080/00140138808966766. 
55Russ DW, Kent-Braun JA. Sex differences in human skeletal muscle fatigue are 
eliminated under ischemic conditions. J Appl Physiol (1985) 94: 2414–2422, 2003. 
doi:10.1152/japplphysiol.01145.2002. 
56Sahlin K, Tonkonogi M, Söderlund K. Energy supply and muscle fatigue in humans. Acta 
Physiol Scand 162: 261–266, 1998. doi:10.1046/j.1365-201X.1998.0298f.x. 
57Senefeld J, Yoon T, Bement MH, Hunter SK. Fatigue and recovery from dynamic 
contractions in men and women differ for arm and leg muscles. Muscle Nerve 48: 
436–439, 2013. doi:10.1002/mus.23836. 
58Simoneau JA, Bouchard C. Human variation in skeletal muscle fiber-type proportion and 
enzyme activities. Am J Physiol 257: E567–E572, 1989. 
59Simoneau JA, Lortie G, Boulay MR, Thibault MC, Thériault G, Bouchard C. Skeletal 
muscle histochemical and biochemical characteristics in sedentary male and female 
subjects. Can J Physiol Pharmacol 63: 30–35, 1985. doi:10.1139/y85-005. 
60Skiba PF, Fulford J, Clarke DC, Vanhatalo A, Jones AM. Intramuscular determinants of 
the ability to recover work capacity above critical power. Eur J Appl Physiol 115: 
703–713, 2015. doi:10.1007/s00421-014-3050-3. 
61Smith KJ, Billaut F. Tissue oxygenation in men and women during repeated-sprint 
exercise. Int J Sports Physiol Perform 7: 59–67, 2012. doi:10.1123/ijspp.7.1.59. 
62Sundberg CW, Bundle MW. Influence of duty cycle on the time course of muscle fatigue 
and the onset of neuromuscular compensation during exhaustive dynamic isolated 
limb exercise. Am J Physiol Regul Integr Comp Physiol 309: R51–R61, 2015. 
doi:10.1152/ajpregu.00356.2014. 
63Taelman J, Vanderhaegen J, Robijns M, Naulaers G, Spaepen A, Van Huffel S. Estimation 
of muscle fatigue using surface electromyography and near-infrared spectroscopy. 
Adv Exp Med Biol 701: 353–359, 2011. doi:10.1007/978-1-4419-7756-4_48. 
64Taylor AD, Bronks R, Smith P, Humphries B. Myoelectric evidence of peripheral muscle 
fatigue during exercise in severe hypoxia: some references to m. vastus lateralis 
myosin heavy chain composition. Eur J Appl Physiol Occup Physiol 75: 151–159, 
1997. doi:10.1007/s004210050140. 
65Vanhatalo A, Doust JH, Burnley M. Determination of critical power using a 3-min all-out 
cycling test. Med Sci Sports Exerc 39: 548–555, 2007. 
doi:10.1249/mss.0b013e31802dd3e6. 
66Vanhatalo A, Fulford J, DiMenna FJ, Jones AM. Influence of hyperoxia on muscle 
metabolic responses and the power-duration relationship during severe-intensity 
exercise in humans: a 31P magnetic resonance spectroscopy study. Exp Physiol 95: 
528–540, 2010. doi:10.1113/expphysiol.2009.050500. 
67Weyand PG, Bundle MW. Energetics of high-speed running: integrating classical theory 
and contemporary observations. Am J Physiol Regul Integr Comp Physiol 288: 
R956–R965, 2005. doi:10.1152/ajpregu.00628.2004. 
68Weyand PG, Lin JE, Bundle MW. Sprint performance-duration relationships are set by the 
fractional duration of external force application. Am J Physiol Regul Integr Comp 
Physiol 290: R758–R765, 2006. doi:10.1152/ajpregu.00562.2005.  
69Wilkie DR. Equations describing power input by humans as a function of duration of 
exercise. In: Exercise Bioenergetics and Gas Exchange, edited by Cerreteli P, Whipp 
BJ. Amsterdam, The Netherlands: Elsevier, 1980, p. 75–80. 
70Yoon T, Doyel R, Widule C, Hunter SK. Sex differences with aging in the fatigability of 
dynamic contractions. Exp Gerontol 70: 1–10, 2015. 
doi:10.1016/j.exger.2015.07.001. 
 
